Lin-11, Isl-1, and Mec-3 (LIM)-homeodomain (HD)-class transcription factors are critical for many aspects of mammalian organogenesis. Of these, LHX3 is essential for pituitary gland and nervous system development. Pediatric patients with mutations in coding regions of the LHX3 gene have complex syndromes, including combined pituitary hormone deficiency and nervous system defects resulting in symptoms such as dwarfism, thyroid insufficiency, infertility, and developmental delay. The pathways underlying early pituitary development are poorly understood, and the mechanisms by which the LHX3 gene is regulated in vivo are not known. Using bioinformatic and transgenic mouse approaches, we show that multiple conserved enhancers downstream of the human LHX3 gene direct expression to the developing pituitary and spinal cord in a pattern consistent with endogenous LHX3 expression. Several transferable cis elements can individually guide nervous system expression. However, a single 180-bp minimal enhancer is sufficient to confer specific expression in the developing pituitary. Within this sequence, tandem binding sites recognized by the islet-1 (ISL1) LIM-HD protein are essential for enhancer activity in the pituitary and spine, and a pituitary homeobox 1 (PITX1) bicoid class HD element is required for spatial patterning in the developing pituitary. This study establishes ISL1 as a novel transcriptional regulator of LHX3 and describes a potential mechanism for regulation by PITX1. Moreover, these studies suggest models for analyses of the transcriptional pathways coordinating the expression of other LIM-HD genes and provide tools for the molecular analysis and genetic counseling of pediatric patients with combined pituitary hormone deficiency. (Molecular Endocrinology 26: 308 -319, 2012) S tudies of animal models and human patients have established that Lin-11, Isl-1, Mec-3 (LIM)-homeodomain (HD) genes encode regulatory transcription factors that are critical for the development of specialized cells in many tissues and organs, including the nervous system, skeletal muscle, the heart, the kidneys, and endocrine organs, such as the pancreas and the pituitary gland (1). The pituitary secretes hormones that control key developmental and physiological processes, including the stress response, reproduction, metabolism, growth, and lactation. The gland has dual origins with the posterior pituitary lobe originating from the neuroectoderm or diencephalon and the anterior and intermediate lobes (IL) developing from the oral ectoderm. Signaling gradients between the diencephalon and oral ectoderm result in invagination of the oral ectoderm, forming Rathke's pouch, the primordium of the anterior/IL (2). Subsequent cellular determination, differentiation, and proliferation events are controlled in part by multiple transcription factors to establish the specialized hormone-secreting cell types of the pituitary (reviewed in Ref.
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tudies of animal models and human patients have established that Lin-11, Isl-1, Mec-3 (LIM)-homeodomain (HD) genes encode regulatory transcription factors that are critical for the development of specialized cells in many tissues and organs, including the nervous system, skeletal muscle, the heart, the kidneys, and endocrine organs, such as the pancreas and the pituitary gland (1) . The pituitary secretes hormones that control key developmental and physiological processes, including the stress response, reproduction, metabolism, growth, and lactation. The gland has dual origins with the posterior pituitary lobe originating from the neuroectoderm or diencephalon and the anterior and intermediate lobes (IL) developing from the oral ectoderm. Signaling gradients between the diencephalon and oral ectoderm result in invagination of the oral ectoderm, forming Rathke's pouch, the primordium of the anterior/IL (2). Subsequent cellular determination, differentiation, and proliferation events are controlled in part by multiple transcription factors to establish the specialized hormone-secreting cell types of the pituitary (reviewed in Ref. 3) . The five main hormone-secreting cell types found in the anterior pituitary are the corticotropes, gonadotropes, thyrotropes, somatotropes, and lactotropes secreting ACTH, FSH and LH, thyroid-stimulating hormone (thyrotropin), GH, and prolactin, respectively.
The LHX3 LIM-HD transcription factor is required for the formation of the anterior pituitary gland, including specification of somatotropes, thyrotropes, lactotropes, and gonadotropes, and has additional roles in the development of spinal motoneurons (reviewed in Ref. 4 ). The defects displayed by Lhx3 knockout mice and patients with coding region mutations in the LHX3 gene emphasize the importance of LHX3 proteins in pituitary development. Lhx3 knockout mice die shortly after birth. In these animals, Rathke's pouch forms but fails to effectively develop, lacking four of the five differentiated cell types, with only a residual population of corticotropes being observed (5) . To date, eleven homozygous mutations in the protein-coding regions of human LHX3 have been identified that result in combined pituitary hormone deficiency (CPHD) syndrome. Although some patients with LHX3 mutations survive, they are short in stature and have hypothyroidism and hypogonadism. These deficiencies are similar to the abnormal pituitary development and hormone losses seen in the Lhx3 knockout mice (5) . Development of the nervous system also is affected, causing loss of normal neck rotation, developmental delay, and deafness in some cases (6 -11) .
The mammalian LHX3 genes have seven coding exons and six introns and produce two major mRNA, called LHX3a and LHX3b. These RNA are transcribed from two TATA-less, GC-rich promoters located upstream of exons Ia and Ib that are recognized by specificity protein-1 and nuclear factor I (12) . Several upstream factors, including fibroblast growth factor 8, pituitary homeobox (PITX)1, PITX2, sex-determining region Y-box (SOX)2, LHX4, and forkhead box P1 have been implicated in the regulation of LHX3 transcription in pituitary and neural tissues. The expression of fibroblast growth factor 8 in the adjacent diencephalon and Rathke's pouch is required for the activation of mouse Lhx3 and Lhx4 (2) . Pitx1/Pitx2 double knockout mice fail to express Lhx3 and have a similar phenotype to Lhx3-null mice (13) . LHX3 protein expression is maintained in Pitx1-null and Pitx2-null mice, suggesting an overlapping function of PITX1 and PITX2 with expression of either sufficient to activate Lhx3 during pituitary development (14, 15) . SOX2 has also been shown to bind and activate the human LHX3a promoter in vitro (9) . In Lhx4 knockout mice, LHX3 protein expression is delayed but returns to normal by embryonic day (e)14.5, indicating that LHX4 is required for timely activation of Lhx3 (16) . The forkhead box P1 forkhead transcription factor represses LHX3 expression in cultured neuroendocrine cell lines and occupies the proximal Lhx3a promoter in cell lines and e13.5 spinal cords, suggesting a possible role in Lhx3 gene transcription during spinal cord development (17) .
The key regulatory elements necessary for expression of LHX3 in vivo are unknown. In this study, we use transgenic approaches to show that multiple, conserved enhancers located downstream of the LHX3 gene guide temporal and spatial transcription in patterns consistent with the endogenous gene expression. Within this cluster of regulatory elements, several sequences confer specific expression in the nervous system, and one 180-bp minimal enhancer targets expression to both the developing pituitary and spinal cord. This modular pituitary enhancer is a transcriptional target of PITX and islet (ISL) proteins.
Results

Conserved distal enhancers downstream of the human LHX3 gene direct pituitary and nervous system expression
We previously characterized two promoters of the human LHX3 gene (the LHX3a and LHX3b promoters) with basal activity in vitro (12) . To test the function of the promoters in vivo, a ␤-galactosidase reporter gene transgenic mouse model was used. Transgenes were constructed by placing the promoters (Ϫ3.24 kb of the upstream 'a' promoter or the entire Ϫ1.8 kb 'b' promoter) in a vector containing ␤-galactosidase with a nuclear localization signal followed by an untranslated region (UTR) and a polyadenylation signal from the human EF1␣ gene flanked by murine H19 insulator regions (Fig. 1B) . Transient transgenics were analyzed at e14.5, a time point when mouse Lhx3 gene expression is high in both the developing pituitary and spinal cord (18 -20) . The activity of the combined aϩb promoter region was also examined in the mouse model to test the hypothesis that interactions between the two upstream promoter regions were required to guide gene expression in vivo. Neither the individual nor the combined promoter regions were able to drive reporter gene expression (Fig. 1 , B and C, transgenes I-III). A minimum of six independent founders was analyzed for each promoter transgene. Together, these results suggested that elements outside of the basal promoters are required to direct LHX3 gene expression in vivo.
Conserved noncoding elements (CNE) are associated with gene enhancer activity in multiple tissues, including neural tissues and the developing heart (21, 22) . To find conserved regulatory regions, the ECR browser was used to perform bioinformatic searches of sequences Ϯ10 kb surrounding the human LHX3 gene (23) . Multiple CNE within a 7.9-kb region directly 3Ј of the gene were discovered with more than or equal to 70% conservation between humans and multiple other vertebrates (Fig. 1A) . Because of the lack of in vivo activity of the promoter transgenic mice, which included 3.24-kb 5Ј of the LHX3 start codon (Fig. 1C , transgenes I and III) and the close location of the upstream quiescin Q6 sulfhydryl oxidase 2 gene 5Ј of LHX3, we focused on analysis of the 3Ј CNE. To examine the function of these CNE in vivo, we tested the combined human promoter region plus the 3Ј 7.9-kb region in the transgenic mouse model. Unlike the promoter constructs, this construct was able to drive tissue-specific expression in the developing pituitary and spinal cord at e14.5 (Fig. 1C, IV) . This suggests that the 3Ј region contains one or more enhancers required for spatial and temporal expression of the LHX3 gene.
One recognized characteristic of an enhancer is the ability to act independent of position to guide expression from a heterologous basal promoter (24) . Transgene IV containing the LHX3 promoters and the 3Ј region in its native position exhibits tissue-specific expression. To determine whether the 3Ј region acts as an independent enhancer, we tested a transgene containing the 3Ј region upstream of the Hsp68 promoter, a basal promoter that lacks activity in the absence of an enhancer in transgenic mice (Fig. 1B , construct V) (25, 26) . The observed transgene V expression pattern recapitulates that seen with construct IV (Fig.  1C , transgenes IV and V); therefore, the identified 3Ј enhancer region has transferrable activity independent of its native promoters and genomic context.
An additional CNE located far downstream (Far 3Ј element) was also identified from the VISTA enhancer browser computational dataset (21) and was similarly tested in vivo. This element was able to direct some expression to the developing spinal cord but not to the pituitary gland at e14.5 (Fig. 1C, transgene VI) . The Far 3Ј CNE lies 63 kb 3Ј of LHX3 and 31 kb 5Ј of the nucleus accumbens-associated protein 2 (NACC2) gene. NACC2 is expressed in the developing nervous system but not the pituitary (27) . It is therefore possible the Far 3Ј is an enhancer of NACC2 expression. In mouse, Lhx3 expression begins at approx- The ECR and VISTA enhancer browser computational datasets were used to compare sequences surrounding human LHX3 and a far 3Ј region to frog, chicken, opossum, rat, mouse, dog, and cow sequences. CNE were defined as regions more than or equal to 70% identity and more than or equal to 100 bp length. CNE are shown in red color, coding exons in blue, conserved intronic regions in salmon, UTR in yellow, and transposable elements or simple repeats in green. B, Reporter gene constructs (I-VI) used to generate transgenic mice. nLacZ, Nuclear localized ␤-galactosidase gene; HSP68, mouse Hsp68 promoter. C, Reporter genes containing the 7.9-kb 3Ј region (IV and V) direct consistent expression in the pituitary or spinal cord. Sagittal cryosections of e14.5 founder embryos stained for ␤-galactosidase activity. The fraction of transgenic embryos expressing ␤-galactosidase in the pituitary or spinal cord is shown below each respective image. An asterisk indicates broad ectopic expression. P, Posterior lobe; I, IL; A, anterior lobe; D, dorsal; V, ventral.
imately e9.5. By e11.5, robust Lhx3 expression is detected in both the developing spinal cord and pituitary (18 -20) . Additional Far 3Ј transient transgenic founders were evaluated at e11.5, and no ␤-galactosidase activity was detected (data not shown). This result, and the fact that the nearest gene, NACC2, is expressed in neural tissues, makes the role of the Far 3Ј CNE in LHX3 gene regulation difficult to interpret.
Endogenous LHX3 expression correlates with the expression pattern guided by the 3 enhancer region during development
To more completely dissect the spatial and temporal expression patterns of the enhancer region, stable transgenic lines were generated using the 3Ј enhancer region upstream of the Hsp68 promoter (Fig. 1B , construct V). In previous studies, it has been shown that mouse Lhx3 is activated by approximately e9.5 in both the pituitary and spinal cord (18 -20) . To examine whether activation directed by the 3Ј enhancer region coincided with endogenous Lhx3 activation, serial sections from the same embryo were stained for either ␤-galactosidase activity or immunohistochemistry using antibodies against mouse LHX3 protein. LHX3 expression and the spatial pattern of enhancer-directed transgene activity were consistent with a role for the 3Ј enhancer region in LHX3 gene activation ( Fig. 2A) . Whole-mount ␤-galactosidase activity staining of the embryos showed that the enhancer element was activated at about e9.5 in Rathke's pouch, the primordium of the pituitary. Spinal cord expression slightly preceded pituitary expression and was readily detectable at e9.0 -e9.5 ( Fig. 2B and data not shown).
Whole-mount staining at e12.5 revealed high levels of transgene expression in the developing spinal cord and pituitary in a pattern consistent with the expression pattern of endogenous mouse LHX3 protein (Fig. 2B ). Some ectopic expression was found in the epidermis and the nasal cavity (Fig.  2B ). LHX3 has not been reported to be expressed in these areas to date. This activity may reflect endogenous low level expression patterns or human/mouse differences. It may also be attributed to effects from the site of transgene integration or because other regulatory elements not contained within the transgene are needed to more tightly regulate LHX3 expression.
FIG. 2.
Expression patterns guided by the 7.9-kb 3Ј enhancer region during development correlate with endogenous LHX3 expression. A, Antibody staining of endogenous mLHX3 protein and ␤-galactosidase activity staining of serial sections at e9.5 in a stable transgenic line containing transgenic construct V. The onset of ␤-galactosidase activity is consistent with the onset of mLHX3 protein expression detected by antibody staining in Rathke's pouch (RP) and in the developing spinal cord. B, X-gal-stained embryos at e9.5 and e12.5 show strong staining in the developing pituitary (arrow and circle) and spinal cord consistent with known mLhx3 expression patterns. C, Representative X-gal staining images of sagittal cryosections of the developing pituitary at e10.5, e12.5, e14.5, and e17.5 and coronal cryosections at P1. The 3Ј enhancer directs expression throughout the developing anterior pituitary at e10.5 and e12.5. At e14.5, e17.5 and P1 expression is restricted to the anterior lobe and is absent from the intermediate and posterior lobes. IF, Infundibulum; H, hypothalamus; P, posterior lobe; I, IL; A, anterior lobe.
Expression of the transgene in the pituitary at later time points was consistent with a subset of endogenous LHX3 expression. The transgene was expressed throughout the unclosed Rathke's pouch, recapitulating LHX3 expression patterns, but became more restricted to the ventral portion of the pituitary by e14.5 ( Fig. 2C ). Although LHX3 protein is found in both the dorsal and ventral pituitary, it is more highly expressed dorsally by e12.5 (16) . At postnatal day (P)1, transgene expression was present in the anterior lobe but absent from the IL (Fig. 2C) .
The 3 region contains several nervous system enhancers and a pituitary enhancer
The identified 3Ј region contains several strongly conserved sequences that were designated regions R1 (355 bp), R2 (680 bp), and R3 (557 bp) (Fig.  3A) . To evaluate the importance of these sequences, a series of systematic deletions was generated and tested in transgenic mice. Expression in the developing spinal cord was observed in constructs containing R1, R2, or R3 but not transgenes containing only the UTR (Fig. 3, A and B) .
Only transgenic founders generated using reporter genes containing the R3 element directed expression to both the developing spinal cord and pituitary (Fig. 3, A and B, transgenes X, XI, and XIII). Expression in the spinal cord was similar to the pattern seen with the full 7.9-kb region. However, pituitary expression was expanded to include the dorsal portion of the developing anterior pituitary more closely matching endogenous LHX3 expression (Fig.  3B, transgene XIII) . Intriguingly, the pattern of pituitary expression in a construct with a deleted R2 subregion (transgene X) shows repression in the dorsal anterior pituitary similar to the expression pattern for the full enhancer element (Fig. 3B ). This result suggests that a silencer or repressor element may be contained within either the UTR R1 region or in the region between R2 and R3.
A 180-bp minimal region is sufficient to direct expression to the developing pituitary
Sequence alignment of the R3 pituitary enhancer region from multiple species using the ECR browser identified a highly conserved subregion of 180 bp (Fig. 4A , designated Core R3). Transgenic reporter gene mice containing the Core R3 region directed expression to the developing pituitary (Fig. 4, transgene XIV) . Additional transgenic mice were generated expressing reporter genes containing overlapping fragments of the Core R3 enhancer. In isolation, these small fragments were unable to direct pituitary expression (Fig. 4 , transgenes XV-X-VII). Overall, these data indicate that key elements required to direct pituitary expression are contained in the 180-bp Core R3 enhancer.
Core R3 enhancer sequences for multiple species were aligned, and conserved predicted trans-acting factor binding sites were identified (Fig. 5) . The Core R3 enhancer
FIG. 3.
Deletion analysis of the 3Ј region reveals several nervous system enhancers and a pituitary enhancer. A, Alignment of 3Ј region sequences across the indicated species from the UCSC Genome Browser. Deletion constructs (VII-XIII) used to generate transgenic mice were designed considering the three major areas of sequence conservation (R1, R2, and R3). The fraction of transgenic embryos expressing ␤-galactosidase in the pituitary or spinal cord is shown beside each construct. Asterisks indicate nonspecific ectopic expression likely due to effects from the site integration of the transgene. B, Representative sagittal sections of e14.5 embryos harboring constructs VIII (UTR R1), X (⌬R2), XII (R2), and XIII (R3) stained for ␤-galactosidase activity. Only constructs containing the R3 region (557 bp)-targeted expression to the pituitary (X and XIII). R1, R2, and R3 directed expression in the developing spinal cord (VIII, XII, X, and XIII). P, Posterior lobe; I, IL; A, anterior lobe.
contained four conserved A/T-rich sequences containing the TAAT/ATTA motifs that are characteristic of some HD protein recognition sites (Fig. 5, sites AT1-AT4 ). These sites were compared with the consensus binding sites of factors with suggested roles in pituitary development and LHX3 gene regulation. AT1 matches the PITX bicoid-class protein consensus binding site. PITX1 and PITX2 are required for activation of mouse Lhx3 in vitro and in vivo (13, 28) . AT2 was identified as a possible binding site for LHX3 and LHX4 proteins (29) . This sequence could potentially be important for autoregulation by LHX3 or regulation by LHX4. In vivo studies have shown that Lhx4 is required for proper activation of Lhx3. For example, in the Lhx4 knockout mice, LHX3 expression is delayed but returns to normal by e14.5 (16) . The AT3 and AT4 sequences were predicted to contain a tandem binding site for ISL1 (30) . Isl1 expression precedes and then overlaps Lhx3 expression in the developing spine and pituitary (31, 32) in a pattern consistent with a possible role in Lhx3 regulation. The pituitary defect in the Isl1 knockout is similar to that observed in the Lhx3 null mice, with Lhx3 expression absent from the pituitary. However, ISL1 was suggested to block differentiation at an early stage rather than acting directly upstream of Lhx3 (2). Conditional motoneuron knockouts of Isl1 do not display any markers of motoneuron development, including Lhx3 (32) . In developing bipolar interneurons of the eye, Lhx3 and Lhx4 are expressed at P9 and colocalize partially with ISL1. Further, in conditional neural retina Isl1 null mice, Lhx4 expression is maintained, whereas Lhx3 expression is lost (33) .
Additional transcription factor binding sites within the Core R3 included putative elements for CCAAT enhancer binding protein (CEBP)␣ and SOX2 sites (Fig. 5) . CEBP␣ has not been implicated in LHX3 regulation but is important in differentiation and proliferation events. Mouse Cebp␣ is expressed in the developing pituitary and has been shown to regulate the prolactin pituitary promoter with Pit-1 (34) . SOX2 can bind to the human LHX3a promoter in vitro (9) , and both human patients and mouse models heterozygous for SOX2 gene mutations have anterior pituitary hormone deficiencies (35) .
To determine whether these elements are required to direct LHX3 expression in vivo, transgenic mice were (Fig. 6B) . This is similar to the expression pattern of the full 7.9-kb 3Ј enhancer (see Fig. 1C , transgenes IV and V). This suggests a role for the AT1 element in spatial control of pituitary LHX3 expression. Mutation of the tandem AT3 and AT4 sites abolished expression in both the pituitary and the developing spinal cord (Fig. 6B) , demonstrating that AT3 and AT4 are required for enhancerdirected expression. However, because fragment 3 of the Core R3, which contains AT3 and AT4, did not direct pituitary expression (see Fig. 4 , transgene XVII), the AT3 and AT4 elements are required, but not sufficient, for enhancer function. Mutation of the putative SOX, AT2, or CEBP sites did not alter the expression pattern of the R3 enhancer at e14.5 (Fig. 6B) . These sites are therefore not required to direct expression at e14.5; however, it is possible that they may have functions at other developmental time points.
To test whether candidate factors could bind to the A/T-rich elements in the Core R3 enhancer, EMSA and chromatin immunoprecipitation (ChIP) experiments were performed. In EMSA, ISL1 protein was able to bind probes containing sites AT2, AT3, and AT4, and the mutation of these sites abolished binding (Fig. 6C) . Additionally, PITX1 and PITX2 proteins bound to probes containing the element AT1 but did not bind to the mutated AT1 probe or other AT sites ( Fig. 6D and Supplemental Fig. 1 , published on The Endocrine Society's Journals Online web site at http://mend.endojournals. org). Further, both LHX3 and LHX4 proteins were able to bind probes containing AT2 (Supplemental Fig. 1 ). In parallel negative controls, lysates programmed with empty vector did not bind to the probes specifically (Fig. 6,  C and D) . In luciferase reporter gene assays in either ␣T3 pregonadotrope or L␤T2 gonadotrope cell lines, addition of the R3 enhancer upstream of the LHX3 promoters or the minimal prolactin promoter failed to increase gene activation above basal levels. Consistent with this lack of R3-mediated reporter gene activation in vitro, cotransfection of PITX1 and ISL1 proteins did not synergistically activate the constructs (data not shown). It is possible that, although the transgenic experiments show enhancer activity that well reflects endogenous LHX3 expression, the in vitro environment of transfection experiments is insufficient to recapitulate an appropriate context for gene activity requiring complex proximal and distal elements. To examine in vivo occupancy of the ISL1 and PITX1 proteins at the Core R3 enhancer element, ChIP experiments were performed using ␣T3 cells. LHX3 protein is detected by Western blotting in ␣T3 cells (36 and data not shown). Similar to the EMSA results, ChIP experiments using ␣T3 cells showed occupancy of PITX1 and ISL1 proteins in a cellular context. Quantitative ChIP at the Core R3 enhancer with PITX1 antibody showed a 2.5-fold increase in enrichment relative to mock IgG controls (Fig. 6E) . ISL1 ChIP experiments showed a similar enrichment with 2.6-fold increased enrichment over IgG controls (Fig. 6E) .
Discussion
The critical roles that LIM-HD genes play in the establishment of organs and systems underlines the importance of understanding the mechanisms that mediate their precise transcription regulation during development. The pituitary gland is essential for mammalian development and physiology, and studies of patients and animal models have demonstrated that LHX3 is required for pituitary development and function (e.g. Refs. 6 -11, 37, 38). Although much is known about the actions of the LHX3 gene and its encoded proteins, this study is the first char- acterization of the elements that coordinate in vivo regulation of the LHX3 gene. Multiple enhancers downstream of the LHX3 gene control pituitary and spinal cord expression. The R1, R2, and R3 enhancers direct nervous system expression in the developing mouse embryo, whereas the Core R3 180 enhancer guides specific expression in both the pituitary and spinal cord. Elements within the Core R3 bind the ISL1 and PITX1 transcriptional regulators, playing essential roles in the function of the Core R3 element (summarized in Fig. 7) .
Although the PITX1 and PITX2 genes have been shown to act either directly or indirectly upstream of LHX3 in the cascade of gene regulation that controls pituitary development (13, 28) , no mechanism has been described. Our data show that the PITX proteins are capable of binding to the AT1 element in vitro and occupy the core enhancer in pituitary cells. Furthermore, mutation of the AT1 element affects the spatial pattern guided by the LHX3 enhancer in vivo. This study therefore suggests a mechanism whereby PITX1 regulates the spatial pattern of LHX3 expression in the pituitary.
The LHX3 enhancer-directed expression patterns in the developing pituitary and spinal cord depend on a short sequence containing the tandem AT-rich sites (AT3/AT4). However, the 65-bp sequence surrounding this element is insufficient to direct pituitary expression of a heterologous promoter (see Fig. 4B , transgene XV), indicating that it works in combination with other factors in the context of the 180-bp minimal functional enhancer. The ISL1 LIM-HD transcription factor binds to the AT3 and AT4 elements and occupies the Core R3 enhancer in vivo, implicating for the first time ISL1 as a possible regulator of LHX3 gene expression in the anterior pituitary and the spinal cord.
Evidence from previous studies is consistent with this role for ISL1 in the regulation of LHX3 gene expression. 
pituitary phenotype to Lhx3 Ϫ/Ϫ mice and lack LHX3 expression (2). Tissue-specific knockouts of Isl1 in motoneurons and in the neural retina also lack LHX3 expression (32, 33) . ISL1 has not previously been identified as a potential upstream factor of LHX3 mainly because, after overlap of expression in early development, the two proteins segregate into a largely inverse expression patterns with ISL1 restricted to the most ventral region and LHX3 expressed more dorsally. This led to the interpretation that the phenotype of the Isl1 knockout in both the pituitary and motoneurons blocked development at an early stage and was not the result of LHX3 loss (2, 32, 33) . Taken together, our data indicate that, among its many early roles in development, ISL1 may also function as an activator of LHX3. The full 3Ј LHX3 enhancer directs expression throughout Rathke's pouch at e9.5, but by e12.5, it is expressed more ventrally, and by e14.5, the enhancer directs strongly ventral transcription with little dorsal activity (Fig. 2) . This is consistent with endogenous LHX3 expression at e9.5 and a subset of LHX3 expression patterns later in development. LHX3 is similarly expressed at e9.5, but unlike enhancer-directed expression, by e12.5, it is also enriched in the dorsal region of the developing pituitary (18 -20) . Because this study uses the human enhancer region, it is possible that the differences in observed pituitary expression represent differences between mouse and human expression patterns or differences in control mechanisms between the two species. Equally plausible is that this enhancer is not responsible for all aspects of LHX3 pituitary expression. It is possible that pituitary expression of LHX3 is regulated by multiple enhancers, and the identified 3Ј enhancer region serves as an activating enhancer with later roles in the ventral anterior pituitary.
The quiescin Q6 sulfhydryl oxidase 2 gene is very close upstream (5Ј) of LHX3. The closest gene downstream (3Ј) of the LHX3 gene/enhancer complex, NACC2, lies approximately 94 kb downstream and is expressed in the developing nervous system but absent from the pituitary (27) . We cannot exclude the possibility that the enhancer elements described here act on this or other neighboring genes. However, the large distance from other genes and the close correlation of enhancer-driven activity with LHX3 expression patterns in both the pituitary and developing spinal cord strongly suggest that these enhancers located just 3Ј of the LHX3 gene are regulatory elements of the LHX3 gene.
Although distinct in the mouse, the IL in humans is rudimentary in adults. Interestingly, the human LHX3 enhancer identified in this study shows little activity in the IL, but both the developing human and mouse IL express LHX3 (18 -20, 40) . The expression pattern directed by the characterized human enhancer may be an indication of the level of human LHX3 expression in the IL. The difference could possibly represent morphological or species differences between the human IL and that of mice. If LHX3 levels are reduced in the human IL as a result of reduced activity of the human enhancer in the IL, it is possible this could affect IL development. It is conceivable that apoptosis results from low LHX3 expression in the IL, which would result in loss of all but just a few cells of the adult human IL. Reductions in LHX3 action are known to increase apoptosis in the ventral portion of Rathke's pouch during development and the IL of the Lhx3 Ϫ/Ϫ mice and Lhx3
Cre/Cre hypomorph mice are reduced in size at e15.5 (13, 38, 41) .
Another interesting finding from this study is the presence of potential silencing elements. Our results suggest that repressors blocking expression in the dorsal pituitary may be contained within either the UTR R1 region or in the region between R2 and R3. Potential CCCTC-binding factor (CTCF) binding sites were identified using TRANSFAC in R1, but these did not strongly match the known consensus sequence of CTCF. Numerous studies have shown CTCF is found at many repressors but how CTCF functions in enhancer insulating and blocking is unknown (42) . Additional experiments are needed to determine whether the R1 element described here is a repressor element, what trans-acting factors are needed for its functions, and whether CTCF binding is required for R1 repressor function.
The AT1 PITX binding site defined here was shown by in vivo mutational analysis as important in spatial control of the enhancer-directed pituitary expression. This pattern could indicate a function of this site in dorsal pituitary repression of the larger full 3Ј enhancer. A potential mechanism for this observed activity is that an unknown dorsal factor bound to the repressor element facilitates chromatin looping between the R3 enhancer and the repressor. This activity could be mediated by PITX protein bound to the AT1 element and would isolate the R3 enhancer away from the proximal promoter. In the context of the R3-Hsp68 transgene, without the repressor regions, the enhancer is not sequestered away from the proximal promoter and is able to direct dorsal expression in the pituitary. A similar mechanism has been identified for the H19ICR insulator (43) .
This study describes and characterizes the first known pituitary and spinal cord enhancers of LHX3 and is the first step in uncovering the mechanisms required for proper spatial and temporal expression of the LHX3 gene. However, other regulatory elements outside of this enhancer complex also likely contribute to full transcriptional control of the LHX3 gene. In addition to identifying other important regulatory regions, future research will need to explore the interactions between the LHX3 proximal promoters, insulator regions, and enhancers. Uncovering how these elements interact to direct tissuespecific gene expression will be essential to understanding the mechanisms behind LHX3 gene regulation and understanding pituitary development on a molecular level. Further work will also be needed to fully describe the role of the identified enhancer sequences in guiding cellspecific expression in the developing spinal cord and nervous system. The information presented here about LHX3 could have implications in the regulation of other LIM-HD genes and provide insight into general mechanisms of gene regulation. Further, the cause of CPHD is unknown in the majority of patients. The LHX3 gene regulatory regions identified in this study will permit the identification of possible novel genetic defects responsible for CPHD and facilitate patient treatment and genetic counseling.
Materials and Methods
Bioinformatic analyses
NCBI (www.ncbi.nlm.nih.gov/genome) and the Ensembl genome browser (www.ensembl.org) were used to retrieve human LHX3 gene and putative enhancer sequences. The ECR (http:// ecrbrowser.dcode.org), UCSC (http://genome.ucsc.edu/), and VISTA (http://genome.lbl.gov/vista/) genome browsers were used to identify CNE of the LHX3 gene as described previously (23, 44, 45) . Putative transcription factor binding sites were predicted with TRANSFAC and rVISTA (46, 47) .
Transgene constructs
The Ϫ3.24 kb LHX3a, Ϫ1.8 kb LHX3b, and Ϫ3.24 kb LHX3a promoter-LHX3 Exon Ia-LHX3b human promoter regions (12) were subcloned into the pWHERE vector (InvivoGen, San Diego, CA). Additional human LHX3 sequences were amplified from BAC clone RP11-83N9/ALI38781 using Pfu Ultra II HS DNA polymerase (Stratagene, La Jolla, CA). The Hsp68 promoter was removed from Hsp68-Hand2-LacZ pSKBluescript (a kind gift from Simon Conway, Indiana University School of Medicine). Enhancer deletions were generated by using endogenous restriction sites or were individually amplified by PCR. Site-directed mutagenesis was performed using the QuikChange II system (Stratagene). Constructs were verified by sequence analysis (Biochemistry Biotechnology Facility, Indiana University School of Medicine). For primer sequences, see Supplemental Table 1 .
Transgenic mouse generation and breeding
The Indiana University Committee on Use and Care of Animals approved all procedures, and experiments were performed in agreement with the principles and procedures outlined in the National Institutes of Health Guidelines for the Care and Use of Experimental Animals. Transgene plasmids were linearized by Pac I digestion and submitted either to the Purdue Transgenic Mouse Core Facility (West Lafayette, IN) or the Indiana University Transgenic and Knock-out Mouse Core (Indianapolis, IN) for microinjection into F2 zygotes from FVB/N or C3H parents. After microinjection, two-cell stage embryos were transferred to 0.5 postcoitum pseudopregnant females. Founder transgenic mice were either harvested at e12.5 or e14.5 for transient transgenic studies or were bred as adults to generate stable transgenic lines. Harvested embryos were designated e0.5 on the day after microinjection of the transgene. For stable transgenic lines, founder animals and progeny were bred to C3H mice (Harlan Laboratories, Indianapolis, IN) to generate heterozygotes. The morning after copulation was considered e0.5, and the day of birth was P1. Genomic DNA was purified from mouse tail snips taken between 14 and 21 d of age using the genomic DNA solution set (Gerard Biotech, Oxford, OH). Genotyping for transgenic mouse lines was performed using a multiplex PCR amplifying the transgenic region and wild-type control region. For primer sequences, see Supplemental Table 1 .
␤-Galactosidase enzyme detection
Whole embryos were fixed on ice in 2% paraformaldehyde and 0.2% glutaraldehyde, washed in PBS (pH 7.2), then incubated overnight at room temperature in X-gal solution (35 mM potassium ferrocyanide, 35 mM potassium ferricyanide, 2 mM MgCl 2 , 0.2% each of Triton X, Nonidet P-40 and Tween 20, and 1 mg/ml X-gal diluted in dimethylformamide, in PBS). After dehydration in ethanol, stained embryos were cleared in methyl salicylate and imaged immediately. Wild-type litter mate embryos served as negative controls. For cryosections, fixed and washed embryos were cryoprotected in 20% sucrose overnight then embedded in O.C.T. compound (Sakura Finetek, Torrance, CA) and sectioned at a thickness of 7 m. Sections were air dried and fixed for 10 min with 0.5% glutaraldehyde then washed in PBS followed by staining in X-gal solution as described above. After staining, slides were washed, dehydrated, and eosin counterstained.
Immunohistochemistry
Immunostaining was performed with rabbit polyclonal antibodies against mouse LHX3 (1:100) (Anti-LIM-3 from Chemicon, Temecula, CA) as described (48) .
Protein preparation and EMSA
ISL1 and PITX1 proteins used in EMSA were synthesized in vitro from 1 g of expression vector substrates (pCS2 rat ISL-1-Myc plasmid, a kind gift from Samuel Pfaff, Salk Institute, La Jolla, CA) and pcDNA3 hPITX1 plasmid (kind gift from MarieHélène Quentien, Département de Neuroendocrinologie & Neuroimmunologie, Université de la Méditerranée, Marseille, France) using a TnT T7 Quick Coupled Transcription/Translation reaction kit (Promega, Madison, WI). Parallel negative controls were programmed with empty vector. EMSA conditions for ISL1 were as described (29) . PITX1 EMSA was performed using conditions modified from Amendt et al. (49) . Briefly, 10 l of in vitro-translated protein lysate and 32 P-labeled oligonucleotides were incubated in 20 mM HEPES (pH 7.5), 5% glycerol, 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, and 1.0 g of poly(dI⅐dC) on ice for 30 min. The samples were separated for 2.5 h at 250 V in an 8% polyacrylamide gel with 0.25ϫ Trisborate EDTA at 4 C after preelectrophoresis of the gels for 15 min at 200 V. For oligonucleotide sequences, see Supplemental Table 1 .
Chromatin immunoprecipitation
Chromatin cross-linking and ChIP analyses were performed using mouse ␣T3 pituitary cells with the EZ Chip Chromatin Immunoprecipitation kit (Millipore, Billerica, MA). Protein DNA chromatin complexes were fragmented by sonication with conditions optimized to obtain the majority of DNA fragments within the range of 200-1000 bp. One million cells were used for each immunoprecipitation. Precleared protein-DNA chromatin complexes were incubated overnight at 4 C with either 5 g of anti-PITX1 rabbit polyclonal antibody (Abnova Corp., Walnut, CA) or a cocktail of anti-ISL1 monoclonal antibodies (3 g each; Developmental Studies Hybridoma Bank 39.4D5, 39.3F7, 40.3A4, 40.2D6) as used previously (50) . Parallel negative controls were incubated with normal mouse immunoglobulin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or normal rabbit immunoglobulin (Sigma, St. Louis, MO) as appropriate. Quantitative real-time PCR was performed on 5 l of immunoprecipitated or input DNA using SYBR Green PCR master mix (Applied Biosystems, Carlsbad, CA) and an ABI Prism 7900 instrument. The 2 Ϫ⌬⌬Ct , where ⌬⌬C t ϭ ⌬C t,input Ϫ ⌬C t,sample , was calculated for each sample. Relative enrichment was calculated as the fold difference above the 2
Ϫ⌬⌬Ct for the control mouse or rabbit normal immunoglobulin samples. For oligonucleotide sequences, see Supplemental Table 1. 
